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Storage lifeAbstract It is urgent to carry out detailed research on storage performance of rubber sealing ring
to get the criterion for its storage life. This paper acquires material ageing regularity by theoretical
analysis and experimental conﬁrmation. On this condition, failure mode and failure criterion of typ-
ical sealing structure is studied, and the failure mechanism is found. Thus by analyzing the stress
distribution, the relationship between ageing state and sealing condition is established. Rationaliza-
tion proposal is put forward and storage life of sealing ring is evaluated. The research mentioned-
above has special reference to the design of sealing structures and can provide reference for prolong-
ing their service life.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Silicon rubber sealing ring is widely used to encapsulate differ-
ent components of the solid rocket motor (SRM). Its reliability
plays an important role in the safety and service life of the solid
rocket motor. Developed countries have devoted to extend the
solid rocket motor service life and have gotten signiﬁcant
achievements. It is reported that the service life of the solid
rocket motor in America and Russia has been reached as long
as 20 years, which cannot be separated from the theoreticaland experimental study on sealing materials and structures.
Clinton and Turner1 conducts researches on stress decay of
the sealing ring and points out that its storage life can reach
6 months when the compression ratio is more than 15%.
Bower2 comes to a conclusion that the compression ratio of
the O-ring is inversely proportional to the stress decay. Ralph3
carries out experimental research on storage life of the O-ring
from the permanent deformation in compression perspective.
The related literature4 summarizes molecular theory of elastic-
ity of the rubber materials used in sealing rings, and Rivlin5
puts forward their stress–strain relationship. In the 1980s,
the stress characteristics of the sealing ring have been widely
researched. Salita6 compiles simpliﬁed ﬁnite element programs
to calculate the stress and strain. Gadia7 performs his
researches on incompressibility of the materials used in sealing
rings.
Over the past 40 years, great changes have taken place in
storage life of the solid rocket motor in our country. Test
method for accelerated aging and properties of materials for
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mance data is still deﬁcient. With the rapid development of
the ﬁnite element technique, a lot of stress–strain analyses have
been carried out. Hu et al.8 inquires into the stress distribution
of the sealing, and Ren et al.9–11 calculates the deformation
and stress state of the O-ring with model Neo–Hookean and
model Mooney–Rivlin. Mu and Xing12 conducts researches
on necessary and sufﬁcient conditions for sealing and the dis-
tribution law of contact stress. The study on aging property of
sealing materials also strengthens gradually. Rong13 intro-
duces the accelerated aging test method of the rubber materials
and Xiao and Wei14 evaluates the storage of the vulcanized
rubber.
Although more and more attention has been paid to sealing
structures, most of the study still focuses on the theoretical
level. The theoretical analysis concerns about the various stress
state of the sealing structure except the correlation between the
stress state and the compression storage of the sealing ring,
which directly results in deﬁciency in the storage life analysis
of the sealing ring.
This paper devotes to seek a breakthrough in the correla-
tion between the stress state and the aging state. In the course
of this study, stress distribution and the compression aging law
of the sealing structure have been researched in full detail. The
permanent compression deformation is taken as the main
aging characteristics to establish contact between stress distri-
bution and aging time, thus to obtain the stress state in various
storage periods. The evaluation criterion related with the com-
pression ratio of the sealing ring is also proposed, and a rea-
sonable evaluation for storage life of the sealing ring is given
which is veriﬁed by experiments.2. Aging property experiment
Thermal acceleration experiment is carried out to test aging
property of rubber sealing ring. The compression ratio of stan-
dard cylindrical specimen in permanent compression deforma-
tion is 25%, and test temperature varies from 100 C to 140 C
according to different material characteristics. The permanent
compression set value in different aging states is achieved by
different tests at different aging temperatures and different
aging time, and compression aging property depending on
the aging time at normal temperature or aging temperature
is obtained by data ﬁtting. Compression aging property in dif-
ferent aging states is shown in Table 1. The conclusion thatTable 1 Compression aging property of silicon rubber.
Aging time (day) Compression permanent deformation ratio
100 C 110 C 120 C 130 C 140 C
1 0.92 0.91 0.89 0.86 0.86
2 0.90 0.87 0.87 0.82 0.79
4 0.87 0.82 0.80 0.73 0.69
10 0.80 0.74 0.69 0.62 0.59
20 0.73 0.68 0.64 0.56 0.51
30 0.69 0.65 0.60 0.50 0.45
40 0.70 0.66 0.61 0.50 0.42
50 0.69 0.57 0.64 0.44 0.38
70 0.63 0.56 0.48 0.38 0.28
82 0.62 0.59 0.49 0.35 0.29
90 0.61 0.55 0.46 0.34 0.24compression permanent deformation increases with the stor-
age time and aging temperature is drawn from the analysis
of the experimental data.
According to the aging property of rubber material and
related Refs.10,15, this article assumes that the compression
aging property of silicon rubber is consistent to power index
model as shown below:
fðPÞ ¼ B expðKtaÞ ð1Þ
K ¼ Z expðE=RTÞ ð2Þ
where f(P)represents compression aging property in different
time nodes, P is compression permanent deformation ratio,
B and a are model parameters. Both aging reaction rate K
and thermodynamic temperature are in accordance with
Arrhenius formula.16,17 In the Arrhenius formula, Z is aging
rate parameter, while E is material apparent activation energy,
R represents Molar gas constant, and T is aging temperature.
According to the test data lists above, model parameters
and aging reaction rate at different temperatures can be ﬁtted,
and model parameters at normal temperature can be derived.
Parameter model a is processed by successive approximation.
Taking total departure I (see Eq. (3)) as the criterion, a is
solved to be 0.4, and aging reaction rate K at room tempera-
ture is 0.0123. Taking value of model parameter B for 1, aging
property model f(P) at room temperature is obtained as shown
in Eq. (4). In the successive approximation, fij is the function
value under a certain parameter, and f^ij is its optimal value.
Aging property curve of silicon rubber at room temperature
is shown in Fig. 1.
I ¼
Xp
i
Xn
j
ðfij  f^ijÞ
2 ð3Þ
fðPÞ ¼ expð0:0123t0:4Þ ð4Þ
Aging property experiments of sealing ring are also carried
out to grasp the difference between sealing ring and standard
cylindrical specimen, and experiments with and without lateral
constraint are also compared. The test results are shown in
Table 2, from which we can see that the permanent compres-
sion ratio and the equivalent storage time of sealing ring are
positive correlated. Permanent compression ratio without lat-
eral constraint of sealing ring is 5%–10% higher than the seal-
ing ring with lateral constraint, and it is 20%–25% higher than
the standard specimen. Test photos are shown in Fig. 2.
Aging property model of sealing ring can be corrected
according to the results of comparative tests mentioned above.Fig. 1 Compression aging property curve of silicon rubber at
room temperature.
Table 2 Permanent compression ratio of sealing ring under
different constraint conditions.
Aging time (Year) Permanent compression ratio
Sealing ring Standard
specimen
Without lateral
constraint
With lateral
constraint
10 0.45 0.40 0.28
15 0.54 0.45 0.32
20 0.61 0.56 0.35
Fig. 2 Aging property experiments of sealing ring.
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result of experiment without lateral constraint is adopted.
Model parameter K and a are respectively equal to 0.0044
and 0.6, and aging property model after correction is shown
in Eq. (5). This model reveals the permanent compression law
of sealing rings during longtime storage. The theoretical curve
of permanent compression ratio can be derived as shown in
Fig. 3, from which we can see that the permanent compression
ratio of sealing ring after 20 years of storage is about 60%.
fðPÞ ¼ expð0:0044t0:6Þ ð5Þ3. Theoretical analysis
3.1. Aging stress analysis
Sealing ring in storage is always in permanent compression
state, which will reduce its sealing performance. It is signiﬁca-
tive to carry out stress analysis in permanent compression,
thus to know how the stress state varies with time. TheoreticalFig. 3 Theoretical curve of permanent compression ratio.model of stress aging and relation between stress state and
aging state will be built to lay the foundation for storage life
evaluation. Three working conditions of sealing ring experi-
encing during solid rocket motor storage and operation, such
as assembly, storage under low pressure, and operation under
high pressure have been considered, and sealing ring with 45%
permanent compression ratio corresponding to 10 years stor-
age has been taken as an sample.
Mooney–Rivlin model is taken as the hyper elastic constitu-
tive model to simulate rubber materials in computation and
the model parameters is obtained by data ﬁtting from uniaxial
tensile experiment.18–21 The main mechanical property of sili-
con rubber ring which is also obtained by experiment is shown
in Table 3. Strain energy density function and the relation
between stress and strain in uniaxial tensile are set as shown
in Eqs. (6) and (7). In Eq. (6), W is material strain energy den-
sity function, I1 and I2 are deformation tensor invariant. In Eq.
(7), Ti (i= 1,2) represents tensile stress, and ki (i= 1,2) repre-
sents tensile strain. Subscript ‘‘1’’ means the direction of com-
pression, ‘‘2’’ means its vertical direction.
W ¼ 0:82ðI1  3Þ  0:6ðI2  3Þ ð6Þ
Ti ¼ 0:82 2ki  2
k2i
 !
 0:6 2 2
k3i
 !
ði ¼ 1; 2Þ ð7Þ
In ﬁnite element analysis, element PLANE182 with hyper-
elastic attribute is adopted for the sealing ring. The edge of
the sealing ring contacting the sealing groove is meshed by ele-
ment CONTA171, while the rigid contacting edge of the seal-
ing groove is meshed by TARGE169. Boundary constraint in
different operation conditions is also deﬁned in the following
analysis.
Deformation contours and stress contours of sealing ring in
assembly are shown in Fig. 4. From which we can see that the
contact stress increases initially and then decreases afterwards
from the middle to both sides. The maximum point of contact
stress is located on the edge of deformation, which numerical
value is 0.45 MPa. The shear stress and equivalent stress dem-
onstrate approximately anti-symmetric and symmetric distri-
bution, and the maximum values of them are 0.07 MPa and
0.49 MPa. The maximum of equivalent stress is located in
the geometric center.
Deformation contours and stress contours of sealing ring in
storage under low pressure with permanent deformation are
shown in Fig. 5, from which we can see that there is tiny differ-
ence between the stress states in assembly and storage. The con-
tact stress also increases initially and then decreases afterwards
from the middle to both sides, but it is relatively larger along
the inside edge of permanent deformation. The maximum con-
tact stress is 0.50 MPa. The shear stress and equivalent stress in
storage increase little and decrease little in comparison to those
of the case of in assembly. The maximum shear stress is
0.10 MPa and the maximum equivalent stress is 0.44 MPa.Table 3 Mechanical property of silicone rubber ring.
Parameter Performances Remarks
Tensile strength (MPa) 7.0
Elongation rate (%) 300
Hardness number (HA) 50 Shore hardness
Elastic modulus (MPa) 2
Poisson ratio 0.499
Fig. 4 Stress contours of sealing ring in assembly.
Fig. 5 Deformation contours and stress contours in storage.
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Table 4 Contact stress under different permanent compres-
sion ratio conditions.
Permanent compression
ratio
Contact stress (MPa)
Assembly Storage Operation
0.05 0.60 0.65 10.73
0.10 0.60 0.65 10.59
0.15 0.57 0.62 10.63
0.20 0.57 0.62 10.88
0.25 0.52 0.57 10.60
Storage life of silicone rubber sealing ring used in solid rocket motor 1473Deformation contours and stress contours of sealing ring
under operation condition under high pressure are shown in
Fig. 6. Contact stress distributes homogeneously on each con-
tact surface. The maximum contact stress on the upper and
lower surfaces is 10.79 MPa, and on the outer surface is
10.18 MPa. Shear stress and equivalent stress rise greatly
under working condition, and the maximum point of which
is located at point angle on the outer surface. The maximum
values of shear stress and equivalent stress are 0.34 MPa and
2.36 MPa.
0.30 0.52 0.57 10.85
0.35 0.51 0.56 10.80
0.40 0.45 0.51 10.55
0.45 0.45 0.50 10.79
0.50 0.44 0.49 10.89
0.55 0.39 0.45 10.49
0.60 0.35 0.39 10.77
0.65 0.34 0.38 10.44
0.70 0.29 0.34 10.33
0.75 0.23 0.29 10.333.2. Relations between aging state and stress state
According to the research results of aging property, this paper
chooses different permanent compression ratios corresponding
to different aging states to calculate the stress of the sealing
ring. The calculation results of the maximum contact stress
under different working conditions are shown in Table 4, from
which we can see that the contact stress decreases linearly with
the permanent compression ratio. The relationship between
contact stress and permanent compression ratio can be ﬁtted
in equations, in which rN1, rN2 and rN3 represent contact
stress in assembly, storage and operation. c is the permanent
compression ratio.
rN1 ¼ 0:49cþ 0:65 ð8Þ
rN2 ¼ 0:49cþ 0:70 ð9Þ
rN3 ¼ 0:46cþ 10:83 ð10ÞFig. 6 Deformation contours and streThe maximum shear stress of sealing ring in assembly, stor-
age and operation is shown in Table 5. The relationship
between shear stress and permanent compression ratio is ﬁtted
in Eqs. (11)–(13), in which rxy1, rxy2 and rxy3 represent shear
stress in assembly, storage and operation.
rxy1 ¼ 0:09cþ 0:12 ð11Þ
rxy2 ¼ 0:09cþ 0:14 ð12Þ
rxy3 ¼ 0:07cþ 0:31 ð13Þss contours in operation condition.
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storage and operation is shown in Table 6. The relationship
between equivalent stress and permanent compression ratio
is ﬁtted in Eqs. (14)–(16), in which re1, re2 and re3 are on
behalf of equivalent stress in assembly, storage and operation.
re1 ¼ 1:06cþ 0:97 ð14Þ
re2 ¼ 1:05cþ 0:94 ð15Þ
re3 ¼ 2:42cþ 3:53 ð16Þ
The sealing ring with permanent compression deformation
can be equivalent to the decline in its amount of compression.
Taking contact stress in operation as the research object, 25%
compression ratio with different permanent compression ratios
can be amended for different amounts of compression and its
equivalent relation can be summarized as
e^ ¼ 0:25cþ 0:25 ð17Þ
where e^ is the equivalent amount of compression.Table 5 Shear stress in different permanent compression ratio
conditions.
Permanent compression ratio Shear stress (MPa)
Assembly Storage Operation
0.05 0.11 0.14 0.31
0.10 0.11 0.13 0.32
0.15 0.10 0.13 0.32
0.20 0.10 0.12 0.32
0.25 0.09 0.12 0.33
0.30 0.09 0.11 0.33
0.35 0.08 0.11 0.33
0.40 0.07 0.10 0.34
0.45 0.07 0.10 0.34
0.50 0.08 0.10 0.34
0.55 0.07 0.09 0.35
0.60 0.07 0.09 0.35
0.65 0.06 0.09 0.35
0.70 0.05 0.08 0.36
0.75 0.04 0.07 0.36
Table 6 Equivalent stress under different permanent com-
pression ratio conditions.
Permanent compression ratio Equivalent stress (MPa)
Assembly Storage Operation
0.05 0.92 0.90 3.39
0.10 0.88 0.85 3.44
0.15 0.82 0.80 3.28
0.20 0.77 0.74 3.06
0.25 0.71 0.68 2.95
0.30 0.65 0.62 2.86
0.35 0.60 0.56 2.70
0.40 0.54 0.50 2.56
0.45 0.49 0.44 2.36
0.50 0.43 0.39 2.30
0.55 0.38 0.34 2.20
0.60 0.33 0.29 2.06
0.65 0.28 0.25 1.94
0.70 0.23 0.23 1.81
0.75 0.19 0.20 1.753.3. Stress aging law
According to the research on aging property model of the seal-
ing ring and relation between stress state and aging state, we
can obtain the change law of stress state varying with the stor-
age time. Substituting Eq. (5) into Eqs. (9) and (10), aging
model of contact stress in storage and operation can be
obtained, just as shown in Eqs. (18) and (19), and the aging
curves of contact stress are shown in Fig. 7.
rN2 ¼ 0:49 1 exp 0:0044t0:6
  þ 0:70 ð18Þ
rN3 ¼ 0:46 1 exp 0:0044t0:6
  þ 10:83 ð19Þ4. Storage life evaluation
4.1. Evaluation criterion
Neither dimensional deviation of the sealing ring and the seal-
ing structure nor the ﬁtting clearance and the structure defor-
mation in operation have been considered in aging stress
analysis, while such inﬂuencing factors should be taken into
account in storage evaluation. According to the experience in
engineering application, the dimensional deviation of the seal-
ing ring and sealing structure will cause about 4.5% and 3%
deviation in compression, and the ﬁtting clearance and the
structure deformation will cause 1% and 3% deviation. It
means that if deviations mentioned above are assumed to be
simultaneous, the effective compression of the sealing ring will
decrease by 12.5%. The conclusion that the sealing ring in
aging state will lose efﬁcacy if the equivalent compression is
less than 12.5% can be obtained. The criterion that the sealing
ring maintains its function after aging is shown in Eq. (20).Fig. 7 Aging curves of contact stress in storage and operation.
Fig. 8 Diagram for evaluation.
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where e^ represents the equivalent compression, and [e] and De
are the tolerance use of sealing rings.
On the basis of the evaluation criterion of the sealing ring
and the relationship between the stress state and the aging state
of the sealing ring, the limit of the permanent compression
ratio can be determined. Therefore, the storage life of the seal-
ing ring can be deduced according to the aging law. In this
paper we evaluate that its storage life is 12.6 years, and the dia-
gram for this evaluation is shown in Fig. 8.
4.2. Veriﬁcation tests
To verify the evaluation, hydraulic test and rebound rate test
have been carried out. The experimental sample is used to sim-
ulate the design conditions and artiﬁcial accelerated aging in
equivalent storage node 10 years and 15 years is conducted.
The sealing ring after aging 15 years has been applied in theFig. 9 Veriﬁcation test photos.hydraulic test, but permanent deformation has also produced.
Burrs occur in vertex position, which also coincides with the
result of stress analysis.
Rebound rate test is carried out to verify whether the
rebound of the sealing ring will keep up with the structure
deformation at the moment of ignition. A self-made compres-
sion release device is designed and a high-speed camera is
applied to real-time monitoring. This experiment proves that
the average rebound rate of the sealing ring after 15 years
aging is 0.18 m/s, which is greater than the spreading rate of
the sealing structure. The spreading rate of the sealing struc-
ture is less than 0.10 m/s at the moment of ignition. In addi-
tion, rebound rate test at low temperature is also carried out
to counter the elastic resilience of the sealing ring which has
attracted a great deal of attention. The specimen is maintained
at the temperature of 40 C for 24 h, and no subcritical hard-
ening is found. The sealing ring at low temperature still keeps
favorable elasticity. Test photos are shown in Fig. 9.
To a certain extent, the experiments carried out above
prove the evaluation of the storage life of the sealing ring,
which may be able to come to the conclusion that the aging
property research and the aging stress analysis are reasonable.
5. Conclusions
(1) The storage property aging law and the stress aging law
of the sealing ring have been achieved. The storage
life of the sealing ring is evaluated and veriﬁed by a ser-
ies of experiments. Research methods and results in this
paper can provide reference to the design and life evalu-
ation of sealing structures.
(2) Correlation between aging state and stress state is built,
and evaluation criterion of the sealing ring is also estab-
lished to evaluate its storage life. The evaluation crite-
rion of the sealing ring studied in this paper is the
equivalent compression ratio is 12.5%, and the limit of
the permanent compression ratio is 50%. Its storage life
is evaluated as 12.6 years, which is veriﬁed by hydraulic
test and rebound rate test.
(3) The research method proposed in this paper can be
expanded to other kinds of sealing structures and mate-
rials. In the same way, permanent compression deforma-
tion is taken as the main aging characteristics in the
aging stress analysis; other inﬂuencing factors, such as
mechanical properties of materials, surface microstruc-
ture and thermal conditions have not been included in
the research. More aging characteristics and thermal-
stress analysis are suggested for further research.
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